The moderately halophilic bacterium Micrococcus varians, isolated from soy sauce mash, produced extracellular nuclease when cultivated aerobically in media containing 1 to 4 M NaCl or KCl. The enzyme, purified to an electrophoretically homogeneous state, had both ribonuclease and deoxyribonuclease activities. The nuclease had maximal activity in the presence of 2.9 M NaCl or 2.1 M KCl at 40 C. The enzymatic activity was lost by dialysis against low-salt buffer, whereas when the inactivated enzyme was dialyzed against 3.4 M NaCl buffer as much as 77% of the initial activity could be restored.
The moderately halophilic bacterium Micrococcus varians, isolated from soy sauce mash, produced extracellular nuclease when cultivated aerobically in media containing 1 to 4 M NaCl or KCl. The enzyme, purified to an electrophoretically homogeneous state, had both ribonuclease and deoxyribonuclease activities. The nuclease had maximal activity in the presence of 2.9 M NaCl or 2.1 M KCl at 40 C. The enzymatic activity was lost by dialysis against low-salt buffer, whereas when the inactivated enzyme was dialyzed against 3.4 M NaCl buffer as much as 77% of the initial activity could be restored.
Onishi reported previously that halophilic a-amylase (14) was produced by a new moderately halophilic bacterium, Micrococcus halobius. We isolated another moderately halophilic species of this genus, from soy sauce mash, which was found to produce a halophilic nuclease in a high-salt medium.
Numerous papers have been published concerning nucleases from microorganisms, animals, and plants (7) . The activities of these enzymes are inhibited by the presence of relatively high concentration of salts such as 0.5 to 1.0 M NaCl.
Many enzymes from halophiles have been studied, including extracellular protease (13) , amylase (9, 14) , and lipase (8) , but nucleolytic enzymes have not been described. This paper describes the identification of a newly isolated Micrococcus sp., and purification and some properties of the halophilic nuclease produced by this organism.
MATERIALS AND METHODS
Bacterial strain. The bacterium used in this study was obtained from soy sauce mash of Noda by aerobic enrichment culture in Sehgal and Gibbons complex medium (SGC medium) (15) containing 25% NaCl, followed by colony isolation on a plate of this medium. The organism was tentatively given the strain designation 41-3. Taxonomic study of"the bacterium was performed by the methods of Skerman (17) incubation at 40 C, the reaction was terminated by the addition of 3 ml of 99.5% ethanol. After 10 min at 0 C, the precipitate was removed by centrifugation, and the absorbance of the supernatant fluid was measured at 260 nm. One unit of the nuclease activity was defined as the amount of enzyme catalyzing an increase of 1.0 in absorbance at 260 nm under the above conditions. Nuclease activity was also determined in a few experiments by measuring the formation of acid-soluble nucleotides. The procedure was the same as mentioned above except that alcohol was replaced by 4.0% perchloric acid solution. In some experiments, changes in reaction pH, temperature, and salt concentration of enzyme assay were made. Phosphomonoesterase activity was followed by measuring the release of inorganic phosphate using the method of Chen et al. (4), with 5'-and 3-adenylic acid as substrates. Phosphodiesterase activity was measured spectrophotometrically with bis-p-nitrophenyl phosphate as the substrate.
Purification of nuclease of strain 41-3. All purification steps were carried out at 5 C. In all cases, the Tris buffer refers to 0.01 M Tris-hydrochloride at pH 8.0. To the crude enzyme solution obtained from 1 liter of culture was added an equal volume of 99.5% ethanol. After standing overnight, the solution was centrifuged at 13,000 x g for 30 min. The supernatant fluid was made 75% with respect to ethanol and after overnight equilibration was centrifuged to obtain the precipitate. The material was then dissolved in 520 ml of Tris buffer containing 2.0 M NaCl, and then concentrated by use of a Diaflo ultrafiltration membrane PM-30 to 25 ml. The concentrated enzyme solution was dialyzed against Tris buffer containing 0.3 M NaCl and applied to a diethylaminoethylSephadex A-50 column (10 by 200 mm) equilibrated with the buffer mentioned above. After being washed, the nuclease was eluted by a linear gradient of 0.3 to 0.5 M NaCl. The active fractions were combined and concentrated to 2 ml by dialysis equipment fitted with a collodion bag under reduced pressure. The enzyme solution was added to a Sephadex G-100 column (22 by 1,450 mm) equilibrated with Tris buffer containing 2.0 M NaCl. The eluted enzyme was concentrated and rechromatographed on a Sephadex G-200 column (26.5 by 870 mm) equilibrated with Tris buffer containing 2.0 M NaCl. The purified enzyme was concentrated and stored at 5 C without inactivation for a few months.
Inactivation and reactivation of the halophilic nuclease. Unless otherwise indicated, the enzyme was inactivated by dialyzing for 24 h at 5 C against 500 to 1,000 volumes of 0.01 M Tris-hydrochloride buffer, pH 8.0. Reactivation was performed by dialyzing the inactivated enzyme against 500 volumes of 0.01 M Tris buffer containing 3.4 M NaCl (pH 8.0) for 2 days at 5 C.
Disc electrophoresis. Polyacrylamide gel electrophoresis of protein was performed by the method of Davis (5) . In some experiments, the procedure was modified in that the gels and Tris-glycine developing buffer were supplemented with 0.3 M NaCl. Before electrophoresis, samples of active nuclease were dialyzed overnight against 1,000 volumes of 0.01 M Tris-hydrochloride buffer containing 0.3 M NaCl (pH 8.0).
Chemicals. Calf thymus deoxyribonucleic acid was a product of Sigma Chemical Co. Yeast ribonucleic acid was obtained from Merck & Co. Inc. NB consisted of 1% beef extract (Difco) and 1% polypeptone (Daigo Eiyo Co., Japan).
RESULTS
Effect of NaCI and KCI on growth of strain 41-3. Rapid growth was obtained in the two test media, SGC and NB, in the presence of 1, 2, and 3 M added NaCl. Maximal population densities were reached within 2 to 4 days. Addition of 4 M NaCl was slightly suppressive to growth. The 5-day-lag phase was observed on NB without added NaCl (Fig. 1 ), whereas only a 1-day lag was needed for growth in SGC. Similar growth patterns were obtained when NaCl was replaced by KCI. Thus, strain 41-3 is a moderately halophilic microorganism.
Effect of salts on nuclease production. Figure 2 shows the production of nucleases at various NaCl or KCI concentrations in SGC and NB after cultivation for 7 days at 30 C. Maximal production was obtained between 2 and 4 M NaCl. It is noted that little enzyme was produced in the NB containing 1 M NaCl or KCI in spite of the fairly good growth. It was impossible to induce the release of enzyme from cells grown at 1 M NaCl by transfer to 3 M NaCl solutions.
Identification of the strain 41-3. The bacterium was a gram-positive, yellow-pigmented coccus, 0.5 to 1.0 4m in diameter, occurring singly, in pairs, and in irregular masses. Acid was produced from xylose, glucose, fructose, maltose, and trehalose aerobically, but not anaerobically. In other words, carbohydrate metabolism was oxidative and not fermentative. (Fig. 3, gel N) . The purified enzyme showed both deoxyribonuclease and ribonuclease activities, but neither phosphomonoesterase nor phosphodiesterase activities were detected. The absorbance at 260 nm of the perchloric acid-soluble fraction was almost the same as that of the alcohol-soluble fraction. The absorption spectrum of the alcohol-soluble fraction had a maximum at 259 nm, with no shoulder around 280 nm.
Enzymatic properties. The molecular weight of the enzyme was determined to be 105,000, by the method of Andrews, in the presence of 2.0 M NaCl. The nuclease activity of the purified enzyme measured at various salt concentrations increased with increasing sodium chloride or potassium chloride concentration to a maximum at 2.9 M NaCl or 2.1 M KCI (Fig. 4) . Thus, the nuclease has properties expected of a halophilic enzyme.
The effect of metal ions on the nuclease activity was investigated (Fig. 5 ). Mg and Mn were stimulative for the activity at optimal concentrations of 0.1 and 0.01 M, respectively. On the other hand, Cu and Zn inhibited the activity at 0.01 M.
Optimal pH and temperature for the activity were 8.0 and 43 C, respectively (Fig. 6, 7) when 
FIG. 3. Disc electrophoresis of native (gel N), inactivated (gel I), and reactivated nucleases (gel R).
Electrophoresis of gels N and R was carried out in the presence of 0.3 M NaCI. assayed in the presence of 1.6 M NaCl.
Effect of ionic strength on the stability of the nuclease. The purified enzyme may be stored for at least 2 months in 2.0 M NaCl buffer (pH 8.0) at 0 to 4 C with little loss of activity. Inactivation of the enzyme was caused by removal of salt during dialysis against 0.01 M Tris buffer containing less than 0.2 M NaCl. From dialysis experiments against NaCl-free buffer, it was apparent that magnesium or manganese ions replaced the salt requirement for stability. Activity was protected completely when 10 mM Mg was added to the dialysis buffer (Table 3) .
Inactivation and reactivation of the enzyme. The loss of activity caused by exposure to low ionic strength could be partially reversed by slowly increasing the concentration of NaCl. As much as 77% of the initial activity was recovered when the enzyme was dialyzed against Tris buffer containing 3.4 M NaCl. The reversible inactivation could be also demonstrated by disc electrophoresis. In Fig. 3 DISCUSSION There have been many reports on nucleic acid-hydrolyzing enzymes from various microorganisms (7). These enzymes are useful both as reagents for the study of structure of nucleic acid and in the preparation of mono-and oligonucleotides. It is sometimes desirable to carry out nuclease digestions at salt concentrations high enough to dissociate deoxyribonucleic acid-protein complexes. Most enzymes reported so far, however, are inhibited by the presence of high concentrations of salt. Ribosomal ribonuclease of Escherichia coli (1) purified with a perchloric acid solution were completely inhibited in high-ionic strength media over 0.15 M NaCl. A potassium-activated phosphodiesterase (ribonuclease II) (16) that hydrolyzes polynucleotides to 5'-nucleoside monophosphates has been purified approximately 600-fold from extracts of E. coli B. The optimal KCl concentrations are 0.05 and 0.1 M for polycytidylic acid and polyadenylic acid, respectively. Staphylococcal nuclease (6), one of the nucleases most thoroughly studied, is depressed by the presence of 0.2 M NaCl with native deoxyribonucleic acid as substrate. To the best of our knowledge, there has been no report concerning a halophilic nucleic acidhydrolyzing enzyme, and this is the first report on the halophilic nuclease.
Recent studies on the classification of micrococci recognize two groups of the genus Micrococcus: (i) M. luteus, which does not attack glucose; (ii) M. varians, which attacks glucose oxidatively. A moderately halophilic Micrococcus sp. 41-3 was classified as M. luteus by the keys of Bergey's Manual of Determinative Bacteriology (3). However, some of the reactions listed in Table 1 are not those listed in Bergey's Manual for M. luteus. On the basis of the properties presented in this report, the bacterium 41-3 seems more closely related to M. varians (12) than to M. luteus, especially since it produces acid from glucose.
Berry et al. (2) reported that Micrococcus sodonensis produced an extracellular nuclease which had both phosphodiesterase and phosphomonoesterase activities. The ATCC 11880 strain of Micrococcus sodonensis is at present classified as Micrococcus luteus by Kocur et al. (11) on the basis of guanine plus cytosine content of deoxyribonucleic acid. The nuclease described here differs markedly from that of M. sodonensis in not having phosphomonoesterase activity. Effects of ionic strength on the activity were not described for the M. sodonensis enzyme.
Isocitrate dehydrogenase from Halobacterium cutirubrum (10) was rapidly inactivated at low NaCl levels. As much as 75% of the initial activity, however, can be restored by dialyzing the inactive enzyme against 4 M NaCl. The inactivated enzyme gave only one band with lower electrophoretic mobility as compared with that of the active enzyme. Halophil-ic nuclease of M. varians also was inactivated when dialyzed against salt-free buffer, yielding more than 10 bands on disc electrophoresis. It is interesting that the number of bands decreased to only three on reactivation by dialyzing the inactive enzyme against 3.4 M NaCl. Studies of the conformational changes, dissociation and reassociation of subunits during inactivation, and reactivation will be of value for the elucidation of the mechanism of halophilism.
